Summary. The nucleotide sequence of a 6 kb fragment encoding the main late proteins (p14, p38 and p24) of actinophage VWB was obtained. Sequence comparison of the encoded proteins with those filed in databases indicated that the phage VWB main late proteins were all novel. A search for special motifs revealed that p14 (13.3 kDa) has a P-loop sequence commonly found in ATP-and GTP-binding proteins. This observation might indicate that p14 is important for ATP-driven DNA translocation during encapsidation of VWB phage DNA into the phage head. Furthermore, the polypeptide ORF2 (26.9 kDa) has an unusual primary structure consisting of 3 stretches of acidic amino acid residues and a glycine/arginine rich C-terminal end. From comparison with other proteins including the bacteriophage T4 prohead core component and from the data of special motif analysis the ORF2 gene product is probably involved in prohead core formation.
Introduction
Actinophages are viruses which infect members of the order Actinomycetales and related organisms such as proprionobacteria and corynebacteria. All actinophages described so far share characteristics of having a double stranded DNA genome that is packaged in a tailed icosahedral phage particle, most often of the morphological type Bt [1] . Actinophages are important for fundamental and applied research, e.g. phage typing [2] , contamination in the fermentation industry [3] , studies to characterize in vivo restriction [4] . Nevertheless, characterization of actinophages is in most instances limited to host range determination and the classification of some physical and morphological properties. Reports on the molecular biological analysis are rare. Whereas for mycobacteriophage L5 the complete genome has been sequenced [5] , only the well-studied g~C31 phage has been so far characterized in more detail among Streptomyces phages [6] . A more extensive knowledge of different actinophages including their sequence analysis is of much interest for fundamental research including (quasi)-species phage description or studies on phage evolution, as well as for applied genetics, such as for the development of phage-based integrative vectors.
Phage evolution is suggested to be a combination of factors including alterations caused by point mutations [7] and the exchange of gene modules between not necessarily closely related phages [8] , occurring through genetic exchange within common hosts [9] . Sequence comparison of capsid and other phage proteins and the structural organization of genes in actinophages could provide insight into their phylogenetic relationship.
In a previous article [10] we reported already on the molecular characterization of actinophage VWB. The protein pattern of this temperate phage (47.3kb) which is infectious to Streptomyces venezuelae ETH14630 and Streptomyces exfoliatus ATCC12672, showed at least 17 different protein bands. Three major proteins were observed, estimated 16.5, 27.2 and 43 kDa in size. Using oligonucleotides synthesized on the basis of the N-terminal amino acid sequences, the genes coding for these major late proteins were shown to be clustered.
In this report the nucleotide sequence of the main capsid proteins of a Streptomyces phage are described for the first time. For phage VWB, they are located on a 6.0kb SphI fragment. Following DNA sequencing 10 complete open reading frames were identified. The amino acid sequences of the deduced polypeptides were compared with different protein databases, codon usage and protein motifs were also investigated.
Materials and methods

Media, bacteria, phage and plasmids
Phage VWB was propagated on Streptomyces venezueIae ETH14630 (ATCC40755) and its DNA was isolated as previously described [11] . For sequence analysis, restriction fragments were subcloned into pUC 19 and multiplied in Escherichia coli J M 109 [12] grown in Luria Broth (LB) medium supplemented with ampicillin at 50 gg/ml.
Subctonin9 and DNA pur~cation
The approximate 6kb SphI/C fragment [13] to be sequenced was digested with the restriction endonucleases ApaI, AvaI, BssHII, HindII, NcoI, PstI, PvuII, SacI, and XmaI (obtained from BioLabs, Boehringer Mannheim or Pharmacia and used according to the manufacturers' instructions). In this manner a range of fragments of size suitable for sequencing was obtained. The restriction fragments, eventually blunted, were subcloned in pUC19 and ligated with T4 DNA ligase. Blunting occurred by PolIk (Klenow-polymerase) or T4 DNA polymerase as described [14] . All DNAs prepared for sequencing were purified by CsCl-ethidium bromide equilibrium centrifugation.
Phage DNA clonin9 and sequencin9
The DNA sequence was determined by the dideoxy chain termination method [15] using the AutoRead sequencing kit (Pharmacia), and 7-deaza-2'-guanosine tfiphosphate to minimize GC compressions. Primers were the 5'-fluorescein labeled M13 universal and reverse primers and oligonucleotides complementary to internal sequences of the SphI/C fragment. The latter were synthesized on an ABI DNA synthesizer (Applied Biosystems Inc., Foster City, USA). These oligonucleotides were Y-labeled with fluorescein amidite Fluoro Prime (Pharmacia). Fragments were separated on a 670 polyacrylamide-gel [acrylamide:bisacrylamide (19:1) (BioRad)] with 7.0 M urea in TBE buffer (60mM Tris, 50mM boric acid, 1.5mM EDTA) at 1500V (35W, 35mA).
Computer analyses of the DNA and protein sequences
The sequencing data were processed using the A.L.F. Manager and PC Gene (Genofit, IntelliGenetics, Inc.) computer programs and by FRAME analysis [16] . Protein coding sequences were identified by virtue of the similarity of their codon usage to a codon frequency table or on the basis of their composition (usually G or C) in the third position of each codon [CODON PREFERENCE software of GCG package and ANALYSEQ].
[-17]. The codon frequency table was computed from Streptomyces coelicolor hrdB gene for the principal sigma factor [18] , using a scan window of 45 nucleotides [19] .
To look for similarities with other sequences and for the presence of any special motifs, searches through the nucleic acid (EMBL version 36) and protein (SWISSPROT version 27 and PIR version 38) sequence databases were performed by using the procedure of Pearson and Lipman (FASTA and TFASTA softwares, GCG package) [19] . The presence of protein sequence motifs was carried out by comparing the deduced amino acid sequences to the patterns defined in the PROSITE dictionary version 10 (MOTIFS software of the GCG package).
Preparation and analysis of proteins by SDS-PAGE
Phage proteins along with a calibration kit for molecular mass determination (GIBCO-BRL) were subjected to SDS-PAGE under reducing conditions in 12.57o (w/v) gels (0.7 mm thick) [20] using a Midget system (Pharmacia). After electrophoresis, proteins were visualized in the gel by staining with Coomassie Blue R-250 [21] .
Northern blot analysis S. venezuelae cultures infected with 101° p.f.u, of phage VWB (m.o.i. ~ 1) were grown for 5 h. Mycelium of 100ml cultures was harvested by centrifugation (4000 x g, 10min) and total RNA was extracted as described [22] . Fifty p.g samples of RNA in 20 gl loading buffer were applied to a 1.2~o (w/v) agarose-gel containing 0.66 M formaldehyde in MOPS-buffer [20mM 3-(N-morpholino) propane sutfonic acid, 1 mM EDTA, 5mM sodium acetate, pH 7.0] and electrophoretically separated at 10V/cm. RNAs were blotted on a Gene Screen plus membrane (Dupont -NEN Research Products, Boston, MA) using a Vacugene blotting system (Pharmacia). For the reversal of the formaldehyde reaction the membrane was baked at 80 °C for 2 h. VWB transcripts were detected by hybridizing the fixed mRNAs with phage VWB fragment SphI/C of 6.0 k b [13] , radioactively labeled with a EP-ct-dATP using a random primed DNA labeling kit (Boehringer Mannheim). Subclones were used for fine mapping.
Nucleotide sequence accession number
The nucteotide sequence data of the Streptomyces venezuelae phage VWB ORFs was deposited in the EMBL data library and has the accession number X72092.
Results
Sequencing strategies and open reading Jrame analysis
The sequencing strategy of the 6,051 bp fragment is outlined in Fig. 1 . The high GC content of the DNA (in average 7t.4~ GC) made sequencing a difficult task, particularly in regions rich in GC-there are 33 regions (20-30 bp long) with a GC content of 90-92~o. Therefore, sequencing was repetitively carried out in forward and reverse sense and sequence gels were often run at elevated temperature (up to 60 °C) to avoid or diminish band compressions in the gel. For several areas, in which case the forward or reverse M13 primer gave ambiguous results on sequencing, VWB-specific primers were applied.
The result of the nucleotide sequence analysis is shown in Fig. 2 . Accuracy of the sequence was checked, e.g. by mapping analysis, by confirmation of restriction endonuclease cleavage sites found by sequence analysis and by ORF analysis. This was carried out by subjecting the nucleotide sequence to computer 
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GATCACACGGCCCGGCATGGCACGCC GGAAGAAGATCAC AGC GCCGAGC T GCTC GC C CAC C GC GAGC GGGC C C GC GC C CATC TC CAC GC 5850 Fig. 1) including ORFpl4, p24 and p38, coding for the most prominent proteins of VWB phage particles (Fig. 3a) [10]. The translation of the nucleotide sequence of ORFpl4, p24 and p38 corresponds with the formerly identified N-terminal amino acid sequence, except for amino acid residue 20 of p38, which should read as alanine instead of glutamic acid according to the nucleotide sequence. The comparison between the nucleotide sequence and the N-terminal amino acid sequence also indicates that the N-terminal methionine is removed for p24 and p38, but not for p14. The estimated size of the predominant phage proteins on SDS-PAGE was t6.5 kDa, 27.2 kDa and 43 kDa (Fig. 3a) . Sequence analysis gave M r values of i3,386 Da for p14; 23,630 Da for p24 and 37,694 Da for ~p38, indicating that the protein size of the main proteins were accurate by SDS-PAGE analysis. Computer analysis for codon preference indicates that ORFp24 might be longer (until nt 5118 instead of nt 5001) (Fig. 1) . However, repeated nucleotide sequence analysis revealed the proposed sequence as correct. In addition, as discussed in the next section, there is a putative terminator at the end of ORFp24. Although only for ORFpl4, p24 and p38 the proteins have been identified on gel, it is most likely that also the other ORFs (Table 1, Fig. 2 ) code for proteins, because the sequence in front of the putative ATG or GTG start codons exhibits considerable complementarity to the 3'end of the 16S rRNA of S. lividans [23] .
Transcripts and translational initiation
As mentioned above, computer analysis indicated that the 6kb SphI/C fragment contains 10 putative ORFs. With the exception of the spacing between ORF1 and ORF2 (56nt) and between ORFp24 and ORF8 (113 nt), the ORFs are positioned with very little interspace (Fig. 2) . In several cases, there are even overlapping start and stop codons, a phenomenon also observed with other bacteriophages [24, 25] . The packed organization could suggest that the ORFs might be expressed as a single operon. However, DNA/RNA hybridization experiments using RNA isolated from S. venezuelae cultures, infected Fig. 2 bAs calculated from the nucleotide-deduced protein sequence CAs experimentally determined by SDS-PAGE aIsoelectric point as calculated from the protein sequence eRelative G/C-content fProportion of G + C at third codon positions with phage VWB and subsequently incubated for 5 h (the end of the rise period of phage VWB) [10] , and the 6 kb SphI/C DNA fragment as probe, showed the presence of 4 transcripts (6.6; 3; 1.6 and 1.1 kb in size) (Figs. 1 and 3b) .
Using different subfragments of SphI/C as probe indicated that ORFpl4, ORFp38 (probably together with ORF3, 4 and 5) appeared as one transcript of circa 3 kb, while ORF6, 7 and p24 are comprised within another transcript (1.1 kb). Transcripts with the size 6.6 and 1.6kb contained ORF2 and ORF8, respectively. A search for promoters on the basis of the compiled DNA sequences associated with streptomycete promoters [26] did, however, not indicate any apparent consensus promoter sequence. This observation could suggest, therefore, that these genes might still be in a single operon but that the mRNA is cleaved at discrete sites post-transcriptionally. A search for potential hairpin loops revealed the presence of a unique hairpin centered around nt 4985 with a stem of 7 bp and a free energy value AG = 13 kcal/mol. This hairpin loop may serve as a transcription terminator, since it is located at the end of the 1.1 kb transcript. Alternatively, and maybe more likely due to the low free energy value of this inverted repeat, it may serve as an mRNA processing signal. In the late operon of phage ~, where all transcription is known to originate from a single promoter (and where the mRNA is certainly processed, even though the details of that processing are not well defined), there are 4 or 5 inverted repeats near gene boundaries suggested to be involved in RNA processing by ribonuclease III [24] . These loops contain the sequence CCGCC and thus resemble the one reported here. Analysis of the sequences upstream the putative ORFs showed in most instances an apparent Shine-Dalgarno sequence (GGAGG) located 7 to 10 nt upstream the ATG or GTG initiation codon (Fig. 2) . This is in agreement with the average distance (8.5nt) for Streptomyces genes [26] , suggesting that the putative ORFs code for functional polypeptides.
The initiation codon was in all instances ATG, except for ORF4 and ORF7 in which case GTG was the most likely initiation codon. No UUAceu codon was detected within the reading frames confirming the observation that this codon seems to be more or less confined to a small number of genes involved in antibiotic production and differentiation [27] . In the same line, the UGA stop codon is most frequently used (Table 1) .
Protein sequence homology and motifs
A database search for the presence of any special motifs and similiarities with other sequences that might exist in the putative ORFs of phage VWB has been carried out. However, no significant similarity has been found.
The analysis of amino acid sequence of p14 for the presence of protein sequence motifs revealed a phosphate-binding loop from amino acid residue 114 to 121. This P-loop motif is commonly found in ATP-and GTP-binding proteins as-(A_AJG)XXXXGK(T/S)-X being any amino acid residue [28] . Some ATP-binding proteins show, in addition or alternatively, a less conserved site, designated B-motif. This B-motif consists of an aspartate residue preceded by four hydrophobic amino acids [29] . In p14 the P-loop has the sequence-AVDAAGKT and no B-motif is present.
Deduced amino acid sequence of ORF2 exhibits a particularly striking bias in its amino acid composition. This putative protein contains three stretches of acidic residues (20 out of 29 amino acids, 7 of 9 and 9 of 12, respectively) and a carboxy terminal region rich in glycine and arginine (G/R, 8R + 9G out of 23 residues, Fig. 4a) . A search in protein databases (PIR and SWISSPROT) for aspartic and/or glutamic rich proteins resulted in two interesting observations. On the one hand, a similar organization as ORF2 protein with three stretches of acidic residues and a glycine/arginine-rich domain has been found in nucleolins, but nucleolin contains between the acidic N-terminal and gtycine/arginine rich C-terminal domains an additional domain which is responsible for rRNA binding. Biochemical evidence indicates that nucleolins interact with both nucleolar chromatin and rRNA and might participate in the nucleocytoplasmic translocation of rRNA [31] . On the other hand, for bacteriophage T4 an acidic stretch and an arginine (+ lysine)-rich tail has been described for the gene products 67 and 68, respectively. Gene 67 encodes the precursor of the internal peptide II (gp67) [32] and gene 68 the 17 kDa prohead core protein of bacteriophage T4 [33] . The amino acid sequence of gp67, formerly called PIP [(80 amino acid residues) [32] shows a bipartite orga- Bar between two lines indicates identical amino acid residues; double and single dots show a high and tow similarity of the amino acid residues, respectively, e e~-Helix prediction for gene product of ORF2 computed according to the programme of Novotny and Auffray [30] nization. The N-terminal part (residues 1 to 46) has a normal amino acid composition, which becomes degraded by the T4 head protease during head maturation. Only the C-terminal part which is acidic (27 acidic residues -either Glu or Asp -out of 34 amino acid residues) is found as the internal peptide II in the mature phage head. It has been shown that gp67 has a crucial role in assembly of a correct scaffolding core and in size determination of T4 [34] . Furthermore, similarly to gp67, scaffolding proteins of several other bacteriophages have a nonrandom charge distribution with negatively charged residues concentrated near the N-terminus [25] , and nearly all of them are quite highly charged. E.g., T4 gp67, 45.9% charged amino acids [33] , T4 gp68, 33.3% [34] , P22 scaffolding protein gp8, 31.7% [25] , T4 gp22, 35.7% [35] , q~29 gp7, 40.2% [36] . Intriguing is that also the gene product of ORF2 has 34.7% of charged amino acids (D, E, H, K, R). It is believed that the clustering of charged residues in the essential core protein (for T4) may have some function in core assembly. Also striking is that all of the sequenced scaffolding proteins have high s-helix prediction. Similarly, the gene product of ORF2 has a high s-helix prediction (Fig. 4c ). An alignment of the putative protein of ORF2 with the bacteriophage T4 prohead core component coded for by gene 67 shows a similarity of 61.84% (Fig. 4b) , which might indicate a similar function for ORF2 and gene 67.
Discussion
Over 3000 tailed phages have been described. They are extremely variable in dimension and physico-chemical properties. Comparative analysis of viral sequences could lead to a better understanding of virus evolution. We have sequenced a 6 kb SphI fragment of the actinophage VWB, which contains the coding sequences of the main structural proteins [10] . Comparison of DNA and protein sequences indicated that these sequences in the 6 kb fragment are all novel and that, as a consequence, phage VWB belongs to a class of phages, of which as yet no DNA sequences have been reported. The putative proteins identified, in addition to ORFpl4, p24 and p38, probably are also head and/or tail proteins. This supposition is made on the basis of a survey of genetic maps of several bacteriophages. These maps show for all phages analysed that head and tail proteins are clustered at one end of the phage genome. Excellent examples are T7 [37] , bacteriophage lambda [24-1, P22 [25] , P2 [38] , mycobacteriophage L5 [5] . This obviously functionally clustered arrangement of genes has even led to the idea that genes are clustered into functional modules which could be exchanged among different phages [9] .
Of most interest is the analysis of the protein sequence motifs, indicating that p14 contains a phosphate-binding loop (P-loop motif). Proteins with ATPase activity have been commonly found in double-stranded DNA bacteriophages to effect translocation of the viral DNA into a preformed protein shell [39, 40] . Although the P-loop motif might be a false positive, the finding of the nucleotide-binding motif in p14 could indicate that this protein is involved in encapsidation of VWB phage DNA into the phage head. Further investigations are necessary to assess the functionality of the nucleotide-binding site motif of p14.
In addition, from the analysis of ORF2 and its comparison with other bacteriophage proteins-in particular with the bacteriophage T4 scaffolding proteins-it can be concluded that the gene product of ORF2 is probably a scaffolding protein of VWB. Gene 68 (of T4) is located directly downstream ofgene 67. It codes for a 17 kDa protein with an acidic amino terminal half and a basic carboxy terminus rich in arginine and lysine. This 17kDa protein is believed to be involved in head shape determination [33] . Gene product ORF2 has a carboxy terminus rich in glycine and arginine. It could be that for ORF2 lysine is replaced by arginine, since codons for lysine are very poor in G/C. Taking all these data together and considering the unusual primary structure of ORF2, this gene could be a fusion of 2 genes with the same functionality in the scaffolding process as gene 67 and 68 of bacteriophage T4.
The sequencing data of actinophage VWB confirm that despite the existence of a high similarity in gene organization between different dsDNA bacteriophages, there is surprisingly little or no sequence similarity between proteins which have highly analogous functions. Therefore, to get a better insight in phage evolution much more phage sequences need to become available.
